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ABSTRACT: Charge extraction in organic solar cells (OSCs) is commonly believed to
be limited by bimolecular recombination of photogenerated charges. However, the fill
factor of OSCs is usually almost entirely governed by recombination processes that
scale with the first order of the light intensity. This linear loss was often interpreted to
be a consequence of geminate or trap-assisted recombination. Numerical simulations
show that this linear dependence is a direct consequence of the large amount of excess
dark charge near the contact. The first-order losses increase with decreasing mobility of
minority carriers, and we discuss the impact of several material and device parameters
on this loss mechanism. This work highlights that OSCs are especially vulnerable to
injected charges as a result of their poor charge transport properties. This implies that
dark charges need to be better accounted for when interpreting electro-optical
measurements and charge collection based on simple figures of merit.
Organic semiconductors are promising materials forphotovoltaic energy conversion and other electronic
devices.1,2 In particular with the emergence of nonfullerene
acceptors,3,4 organic solar cells (OSCs) have experienced an
unprecedented rise in power conversion efficiencies (PCEs)
within the last 2 years, now reaching up to 15.7%.5 However,
the comparatively low fill factor (<80%) of OSCs with
absorber layer thicknesses relevant for the application of
printing technologies still represents a major challenge for
commercialization. Therefore, it is essential to understand how
well charges are extracted and where they are lost in the
device.6,7 Over the years, many different models have been
used to explain the FF losses in OSCs, such as bimolecular
recombination, trap-assisted recombination, and/or field-
dependent CT-state dissociation. Recently, much evidence
emerged that it is bimolecular recombination of free charge
carriers that leads to fill factor losses because of the
comparatively slow charge transport in the disordered organic
semiconductors.8 This causes an accumulation of charge
carriers and hence increases recombination losses6,9 or leads
to field-free regions.10 The competition of extraction (ke) and
second-order bimolecular recombination ( ∼k k npr 2 ) can be
described with simple analytical expressions or figures of merit
(FOMs);7,9,11,12 and these FOMs have been successfully
applied to a large number of OSCs from various groups.7,9,11,12
However, intensity-dependent photocurrent (IPC) and related
measurements in steady-state might suggest an entirely
different picture.13−16 For example, a slope (α) close to
unity, fitted to the IPC plotted in log−log, is often interpreted
to be a consequence of a dominant monomolecular
recombination process or negligible bimolecular recombina-
tion.17−19 On the basis of this approach, several groups have
proposed techniques to quantify bimolecular recombination
losses from the deviation of α from unity.12,20,21 Similarly, early
studies by Cowan et al.13 showed that the photocurrent (Jph)
losses scale mostly linearly with light intensity (I) from short-
circuit conditions to voltages beyond the maximum power
point. The first-order recombination losses manifested thereby
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as a fill factor (FF) that is almost independent of light
intensity. These losses were attributed to nongeminate
recombination of mobile carriers with interfacial traps, while
other groups have also drawn similar conclusions.13,15,22−24
These results seem to be largely inconsistent with significant
bimolecular recombination (being a second-order process with
respect to the free charge carrier density) which would lead to
a strong dependence of the fill factor on the light intensity.
However, we note a few earlier publications pointed out that a
linear dependence of recombination on the light intensity does
not imply that the underlying recombination process depends
linearly on the free carrier density.25 Nevertheless, other
studies have attributed these first-order losses to an electric-
field-dependent charge-transfer state (CT) dissociation
governing the current-density versus voltage (JV) character-
istics.26−28 However, this appears to be in contrast to the
results of many transient studies, e.g., time-delayed-collection
field (TDCF) experiments9,29−31 or ultrafast spectroscopic
measurements32,33 where an electric field-independent dis-
sociation of CT states was often found, at least in relatively
efficient bulk-heterojunction solar cells.4,9,34 Considering these
inconsistencies and different explanations of the FF, a
conclusive understanding about the main photocurrent losses
in the power-generating regime remains an important, yet
challenging task.
Recombination Order along the JV Curve. To assess the
recombination order in the power-generating regime of the JV
curve, we employed IPC measurements (see Supplementary
Methods in the Supporting Information).16,35 In the following,
we will refer to the recombination order with respect to the
light intensity (the terminology is further discussed in
Supplementary Note 1 in the Supporting Information). First,
we demonstrate the IPC results on an archetypical organic
solar cell blend thieno[3,4-b]thiophene/benzodithiophene:
[6,6]-phenyl C71-butyric acid methyl ester (PTB7:PC70BM
1:1.5),36 as well as on a high-efficiency nonfullerene system
FTAZ:IDIC (1:1.5) with above 10% power conversion
efficiency.37−39 The solar cell parameters of these two blends
are shown in Table 1. Moreover, to check the generality of our
observations we investigated a large number of polymer and
Table 1. Photovoltaic Performance Parameters of Organic Solar Cellsa
Device JSC [mA cm
−2] FF [%] VOC [V] PCE [%]
PTB7:PC70BM (1:1.5), d = 80 nm 13.2 ± 1.3 (15.3) 56.5 ± 2.1 (56.1) 0.777 ± 0.01 (0.767) 5.8 ± 0.4 (6.6)
FTAZ:IDIC (1:1.5), d = 100 nm 17.4 ± 0.7 (18.6) 68 ± 2.7 (67.3) 0.847 ± 0.004 (0.849) 10 ± 0.3 (10.6)
aAverage power conversion efficiencies of the studied organic solar cells with optimized active layer thickness (d) as calculated from 18 devices for
each blend including the standard errors of the short-circuit current density (JSC), open-circuit voltage (VOC) and fill factor (FF). Record
parameters are displayed in parentheses.
Figure 1. Intensity-dependent external quantum efficiency (EQE) at different applied voltages from short-circuit to close to open-circuit conditions
for (a) 80 nm thick PTB7:PC70BM (1:1.5 w/w) and (c) 100 nm thick FTAZ:IDIC (1:1.5 w/w) cells. The EQE is obtained from the ratio of the
photocurrent (light minus the dark current) and the illumination intensity and plotted versus equivalent suns. The 1-sun equivalent laser power (at
the used excitation wavelength of 445 nm) is defined where the solar cell current output matches the JSC under AM1.5G irradiation. The
corresponding JV curves of the PTB7:PC70BM (b) and the FTAZ:IDIC (d) blends are shown on the right. The FF losses are decoupled into
contributions from first- and second-order recombination processes, as well as the dark current. It is evident that the shape of the JV-curve is
determined by first-order recombination losses resulting in intensity-independent FF losses in both systems.
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small-molecule solar cells as shown in Figure S1. The chemical
structures of all materials used in this study are shown in
Figure S2.
In the PTB7:PC70BM blend, under short-circuit conditions,
we observe a linear increase of the photocurrent with laser
power (or equivalently a constant EQE) from 10−2 to
approximately 5 suns (Figure 1a). This suggests the absence
of higher-order recombination losses at short-circuit conditions
and “1 sun”. However, in forward bias and at higher laser
powers, nonlinear losses become apparent from the downward
bend of the EQE. Under 1 sun conditions, it can be seen that
the EQE losses originate almost exclusively from first-order
recombination. Therefore, as shown in Figure 1b, the shape of
the JV curve in the power-generating regime is, in contrast to
the common belief, largely controlled by linear recombination
losses (in addition to the dark current). Figure 1c,d shows
analogous measurements for a FTAZ:IDIC blend with close to
10% PCE. In order to check the influence of geminate
recombination, i.e., field-dependent exciton or charge-transfer
state dissociation, we conducted time delayed collection field
(TDCF) experiments.4,9,34 For both cells, the external
generation efficiency (EGE) is essentially flat as a function of
the forward bias up to voltages close to VOC as shown in Figure
S3, which rules out a significant impact of geminate
recombination on these first-order recombination losses. We
also emphasize that the strong contribution of a recombination
Figure 2. (a) Simulated photocurrent normalized to the generation current (J J/ph G) vs V curves at illumination intensities ranging from 10
−3 to 100
suns. The decrease of FF above 1 sun marks the onset of second-order recombination losses, while the overlap of the J J/ph G vs V curves at lower
intensities shows the presence of first-order recombination losses. (b) Equivalent plot of J J/ph G vs light intensity at different voltages. First-order
recombination manifests as a decrease of the constant EQE with applied voltage independent of light intensity, while second-order recombination
causes a downward bend of the EQE. The electron and hole densities are plotted at 0 V in panel (c) and at an applied bias of 0.5 V in panel (d).
The populations of dark electrons and holes are then given by Fermi statistics depending on the energy difference between the conduction
(valence) band and the Fermi level. The corresponding recombination profiles normalized by the generation rate along the vertical position in the
active layer at 0 V (e) and 0.5 V (f) show first-order recombination near the contacts and second-order recombination emerging in the bulk at 100
suns.
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loss which is strictly linear in light intensity appears in all
optimized organic solar cells that we have studied so far, with
several further examples shown in Figure S1.
Numerical Simulations: Origin of First-Order Recombination
Losses. We first aimed to demonstrate the origin of these first-
order losses based on the example of the PTB7:PC70BM blend
using drift-diffusion simulations based on bimolecular and
surface recombination only.40,41 The used parameters are given
in Table S1. For simplicity we assumed a homogeneous
generation rate G1sun (∼1 × 1022 cm−3s−1), no injection
barriers for electrons and holes, and balanced mobilities
μ = × − −3 10 cm (V s)e,h
4 2 1.16,42 Figure 2a shows the photo-
current normalized to the generation current (Jph/JG) as a
function of voltage for four different illumination intensities,
while Figure 2b shows Jph/JG as a function of illumination
intensity for different applied voltages. The light intensity-
independent FF of the Jph/JG versus V curves in Figure 2a
indicates the presence of substantial first-order recombination
(shaded purple area), while second-order recombination losses
(shaded orange area) appear at higher intensities (>10 suns).
Equivalently, linear and nonlinear losses are visible in the
simulated IPC plot (Figure 2b). Thus, the simulations can
accurately reproduce the presence of these recombination
losses in the PTB7:PC70BM blend.
Figure 2c,d reveals a high density of majority carriers near
the electrodes in the bulk of the active layer even in the dark
(shaded area), as discussed in several previous publica-
tions.43−46 These dark charges are simply a result of charge
carrier diffusion from the metal electrodes into the (intrinsic)
active layer, which leads to Fermi-level alignment and a built-in
field across the active layer. This causes a light intensity-
independent cloud of dark charges close to the contacts, which
explains the first-order recombination rate close to the
contacts. Notably, at intensities below 100 suns, these are
also the regions with the strongest (normalized) recombina-
tion rate in the device, as shown in Figure 2e at 0 V and in
Figure 2f at 0.5 V. The overlap of the normalized
recombination profiles reveals the presence of significant
first-order recombination losses at all intensities <1 sun
relatively close to the electrodes (approximately 15 nm at 0
V). The recombination profiles also reveal that once a forward
bias is applied, the carrier concentrations at the contacts (“+”
at the anode, “−” at the cathode) are pushed deeper into the
bulk of the active layer, which leads to an increased volume
where bimolecular recombination of photogenerated with
injected charges can take place (Figure 2f). This explains the
reduction in normalized photocurrent in panels a and b.
Importantly, this recombination mechanism is different from
minority carrier surface recombination of photogenerated and
dark charges at the electrodes which is, in this particular
Figure 3. (a−d) Simulated recombination profiles at 0 V normalized by the generation rate along the active layer thickness for systems with
decreasing slower carrier mobility (μh= 10
−3−10−6 cm2 V−1 s−1) and constant electron mobility μe = 10
−3 cm2 V−1 s−1. Losses that increase with
intensity mark the onset of significant second-order recombination in panels c and d, while the overlap of the curves at lower intensities shows the
presence of first-order recombination losses (purple shading). The graph demonstrates that the linear and nonlinear recombination losses increase
with decreasing mobility of the slower charge carriers.
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simulation, relatively small. This is further discussed below in
Figure 4.
Impact of Carrier Mobility, Recombination Coef f icient, and
Film Thickness. It was previously observed in several polymer:-
fullerene cells that the magnitude of the first-order losses
depends strongly on the charge carrier mobility of the slower
carrier (μslower).
16 To understand the detrimental impact of
μslower, we varied the hole mobility over orders of magnitude
( −− −10 103 6 cm2 V−1 s−1) while keeping the electron mobility
constant at μ = −10e
3 cm2 V−1 s−1. In Figure 3 we plot the
normalized carrier recombination profile as a function of the
vertical position x in the device at 0 V. We see that the
recombination at the cathode increases with decreasing μh;
that is, more photogenerated holes recombine with the large
reservoir of injected electrons. It is also expected that the first-
order losses depend on the recombination rate constant (k2).
Indeed, for a system with 100× imbalanced mobilities, a
reduction of the Langevin recombination coefficient by 25
times greatly reduces the first-order losses, which in turn
increases the FF of the cell (Figure S4).47,48 With respect to
the impact of the active layer thickness, we observe that the
first-order losses remain similar while second-order losses
increase with the thickness of the active layer. This is expected
considering that the volume in which first-order recombination
takes place decreases relative to the volume of the bulk (Figure
S5). This is also consistent with experimental IPC results on a
nonoptimal FTAZ:IDIC (1:1.5) blend with an active layer
thickness of 250 nm (Figure S6). For this device, we still
observe large first-order recombination, however, with a
significant contribution of second-order recombination
throughout the power generating JV-regime. Therefore, these
results suggest that first-order bimolecular recombination
dominates the FF in OSCs with optimized film thicknesses,
while in thicker blends, the contribution of additional second-
order recombination losses further deteriorates the FF.
Impact of the Electrode Work Functions. In the following
section, we will discuss the impact of the contacts on these
losses and potential optimization strategies by electrode
engineering.44 First, we checked the influence of the energetic
offset (ΔWf) between the metal work functions with respect to
the highest (lowest) occupied (unoccupied) molecular orbitals
(HOMO/LUMO) of the active layer material. Interestingly,
although ohmic contacts (ΔWf = 0 eV) lead to more dark
charge injection than injection barriers (ΔWf > 0 eV), energy
level alignment between the electrodes and the active layer is
actually beneficial to maximize the built-in voltage (VBI) and in
turn the cells’ open-circuit voltage and FF. This is shown in
Figure 4a from the JV curves of cells where we varied ΔWf in
steps of 100 mV at both contacts. We note a sharp drop in VOC
if the VBI drops below the VOC that can be achieved by the
blend (∼0.8 V) for the given device and material parameters
such as k2, G, and the surface recombination velocity (S) which
was set to 100 cm/s for minority carriers (see Figure S7 for
other settings). Figure 4b demonstrates the large differences in
the carrier densities close to the contacts with (solid lines) and
Figure 4. (a) Simulated JV curves of organic solar cells with different energy offsets (ΔWf) between the metal work functions and the HOMO/
LUMO of the active layer. Ohmic contacts are beneficial for the VOC and fill factor (FF) in the case of finite (and realistic) surface recombination
velocities (S > 100 cm/s). (b) Impact of injection barriers on the carrier distribution profile in the dark. (c) Simulated J J/ph G vs V curves at
illumination intensities ranging from 10−3 to 100 suns using ΔWf = 0.2 eV at both contacts. Even in the case of injection barriers, first-order losses
dominate the JV curve until 1 sun illumination because of enhanced surface recombination despite the reduction of first-order recombination in the
bulk. This is shown in panel (d), which depicts the recombination currents at the metal surfaces and in the bulk as a function of voltage for two
cases with and without injection barriers.
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without (dashed lines) injection barriers at both contacts (0.2
eV). While we expected that these injection barriers will
impact the interplay between linear and nonlinear recombina-
tion losses, surprisingly, also in the case with injection barriers
of 0.2 eV we still obtain significant first-order losses until 1 sun,
which is shown in Figure 4c (note the similarities to the case of
no injection barriers as shown in Figure 2a). The reason is that
surface recombination of minority carriers increases with the
injection barrier offset, which is demonstrated in Figure 4d. We
note that in the case with injection barriers (0.2 eV), the
optimized cell performance (with aligned energy levels) can be
regained if the surface recombination velocity S is reduced to
very low values <1 cm/s (Figure S7). However, we can
conclude that unless in special cases where S is indeed close to
0 or where interlayers prevent surface recombination, ohmic
contacts remain overall beneficial for the device performance
because of the reduced surface recombination and the higher
built-in field (VBI) despite the strong first-order recombination
in the vicinity of the electrodes. The impact of interlayers is
further discussed in Figure S8. Lastly, it is important to note
that although the first-order recombination in the bulk
outweighs the surface recombination in the optimized case
with ΔWf = 0 eV, in general we do not know the relative
contribution of these two loss mechanisms as it depends on the
work function alignment and the relation between S and k2.
However, both processes are similar in the sense that
photogenerated charges recombine with electrode-induced
charges near or at the metal contact, and as such we do not
further attempt to disentangle these two first-order processes
here.
In this work we studied the light intensity dependence of
photocurrent and fill factor losses in OSCs using IPC
measurements and numerical drift-diffusion simulations.
Experimentally, we observed in all studied OSCs that the FF
is almost entirely governed by first-order recombination losses,
which means that the FF of the Jph(V) curve does not improve
significantly at intensities <1 sun. Our numerical simulations
show consistently that these first-order losses can be very well
reproduced by bimolecular recombinationwithout imple-
menting trap-assisted Shockley−Read−Hall or geminate
recombination. This is due to the large amount of majority
charge carriers close to the metal contact, which is present
independent of light intensity. With increasing forward bias,
this excess charge is pushed deeper into the active layer of the
material, causing increased first-order recombination losses
which dominate the FF losses in optimized organic solar cells.
We also showed that the magnitude of these linear
recombination losses depends on the slower carrier mobility
and the recombination coefficient, while enhancing the film
thickness increases the contribution of second-order recombi-
nation losses in the bulk in unoptimized blends. Lastly, we
discussed the impact of the electrode workfunctions on this
recombination mechanism, which defines the relative loss due
to surface recombination at the contacts and first-order
recombination in the bulk. In this regard we identified that
ohmic contacts are beneficial for the device performance as
they maximize the VBI despite causing more recombination
between injected and photogenerated charges. Overall, our
studies highlight the importance of bimolecular recombination
between photogenerated and electrode-induced charges close
to the metal contacts rather than bimolecular recombination of
free charges in the whole bulk. This can explain the reason for
the many different explanations that have been provided to
explain FF losses in OSCs. The findings also have important
consequences for the interpretation of several well-established
characterization techniques: (1) A linear relationship between
Jph and I (or the α-parameter) cannot be used to draw
conclusions about the dominance of monomolecular or
bimolecular recombination at 0 V. (2) Consequently, the
deviation from linearity does not allow the quantification of the
amount of bimolecular recombination losses (at 0 V). (3) In
forward bias, the linear relationship between Jph and I cannot
be used to quantify the bias dependence of the charge
generation yield or trap-assisted recombination. (4) FOMs that
have been developed to characterize OSCs need to take into
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